This paper presents a portable total reflection X-ray fluorescence system composed of a 15 W X-ray tube, with a gold anode, a waveguide constituted by two Perspex ® parallel plates, a Si PIN detector and a quartz optical flat. The critical angle of the total reflection system was experimentally determined by measuring a zinc solution (100 mg/L). The accuracy of the system was checked using SRM 1577b Bovine Liver by NIST as standard reference material. We obtained the absolute detection limits of the following elements: P (450 ± 40 ng), S (200 ± 31 ng), K (30 ± 2.5 ng), Ca (19 ± 3.5 ng), Mn (4.1 ± 0.5 ng), Fe (3.6 ± 0.9 ng), Cu (3.3 ± 0.4 ng) and Zn (3.5 ± 0.3 ng). This paper shows that it is possible to produce total reflection X-ray fluorescence with very compact, efficient, low-cost and easy-to-handle instrumentation using a low-power X-ray tube and a Si PIN compact detector.
Introduction
Total Reflection X-ray Fluorescence (TXRF) is a powerful analytical tool because of its detectable elemental range, simplicity of quantification and detection limits. 1 TXRF allows for performing chemical analysis of small amounts of substances (from μg to ng) with low detection limits for chemical elements (from μg/mL to ng/mL and lower). The versatility of the method can be demonstrated easily when summarizing the applications reported over the years. 2 According to Alov, 3 diverse substances can be analyzed by TXRF; therefore, it makes sense to combine them into several groups: natural (water, soil, deposits, aerosols, and plants); [4] [5] [6] geological and mineralogical (ore, mineral raw materials, and crystals); [7] [8] [9] technological (petroleum and petroleum products, metals and melts, thin films, polymers, chemicals, and wastes); [10] [11] and biomedical (blood, serum, urine, and human tissue). [12] [13] [14] [15] Furthermore, wine, 16 archaeological, [17] [18] art, 19 and forensic samples 20 can also be analyzed by TXRF. Synchrotron radiation or rotating anode X-ray sources have been used for the detection of low amounts of elements by TXRF. But, due to the high cost of TXRF instrumentation, this technique has been available only to a few laboratories or synchrotrons. In contrast to these high-power sources used to produce TXRF, the recent development of very compact and easy-to-handle TXRF instrumentation (with Peltier-cooled Si PIN or Si drift detectors and low-power X-ray tubes) created the possibility of offering extreme simplicity of operation in a lowcost compact design. 21 The first commercially available stationary TXRF spectrometer was built in 1980 (EXTRA by Rich. Seifert & Co., Ahrensburg, Germany). The subsequent improved model, EXTRA IIa, was distributed by Atomika Instruments. 22 Two decades later, Waldschläger 23 used a portable TXRF spectrometer with a 40 W X-ray tube and a Si PIN-diode detector to analyze environmental samples. Mages et al. 24 tested a portable TXRF that was evolved from the spectrometer reported by Waldschläger. 23 This spectrometer "PicoTAX" was the first commercially available portable TXRF spectrometer. It was fitted with a Peltier-cooled X-Flash detector and an air-cooled metal ceramic X-ray tube, with a Mo anode, operating at 40 kV and 1.0 mA. Water samples from different freshwater sources were analyzed during a field campaign on Chilean lakes and a German river. Afterwards, portable TXRF spectrometers have been proposed from time to time. [25] [26] [27] [28] [29] [30] Kunimura and Kawai 31 designed, constructed and reported a portable TXRF spectrometer with a 1.5 W X-ray tube, a waveguide type slit, a Si PIN photodiode detector and a sample carrier which were contained in an attached case-type box. That spectrometer could detect several nanograms of a transition metal element. After that, portable TXRF spectrometers [32] [33] [34] were improved and a detection limit of 28 pg was achieved for Cr in a certified reference material of river water by the portable spectrometer with a diamond-like carbon (DLC) coated X-ray reflector. 34 Recently, a portable TXRF spectrometer using white X-rays from a 5 W X-ray tube achieved a detection limit of 8 pg for Cr in the case when the measurement was performed in vacuum.
A portable TXRF spectrometer can be particularly useful for outdoor measurements and when a fast analysis is important for decision-making as occurs in art history, forensics and environmental analysis. 23 The possibility of conducting analysis without sample preparation should also be considered.
In the present study, a portable TXRF spectrometer was designed and developed by a group involved in the field of X-ray fluorescence at the Nuclear Instrumentation Laboratory (COPPE/UFRJ-Brazil). The development of a portable TXRF system was based on the study of Kunimura and Kawai 31 and the use of a waveguide to enhance the X-ray beam on the sample. [36] [37] For sample excitation the L lines of gold (9.71 keV) were used. These lines are enough to excite some important elements in the biomedical, environmental and archaeometry area such as: Zn, Cu, Cr, Fe, Mn, K, Ca, S and P.
Experimental

TXRF quantification
An important characteristic of the TXRF technique is the small amount of sample that can be used for analysis (μL). Therefore, the sample can be considered a thin film and the absorption effects can be neglected.
In this case, the elemental concentration is determined through a simple relation between the intensity of the X-ray fluorescence of a given element i, the sensitivity of the system to this element and the reflection coefficient of the reflector for the incident beam energy (for total reflection condition). So, TXRF intensity Ii for an element i with concentration Wi in the sample can be obtained by:
Where: K is a proportionality constant that depends only on geometrical factors and the intensity of the incident X-ray beam, Si is the sensitivity of the TXRF system for element i, R(α) is Fresnel reflection coefficient and α is the X-ray incident beam angle on the reflector. R(α) depends on the optical properties of the reflector and the angle of incidence (R(α) is around 1 when alpha is less than the critical angle for total reflection, and R(α) tends to zero for angles greater than the critical angle.
In TXRF, the quantification is generally carried out by internal standardization. This procedure is based on the addition of any element which is not present in the sample (internal standard). The TXRF intensity of the internal standard with concentration Ws and sensitivity Ss can be given by:
Thus, by dividing Eq. (1) by Eq. (2), it is possible to obtain the elemental concentration of element i present in the sample:
Where: IR,i = Ii Is is relative intensity and SR,i = Si Ss is relative sensitivity. Equation (3) is the basic equation for TXRF when using an internal standard. It shows a very simple linear relation between relative intensity and concentration of the element i. In practice, the parameter to be determined is the elemental concentration Wi. The relative intensity is obtained experimentally (X-ray fluorescence spectra) and the relative sensitivity is obtained from standards with known concentrations. The concentration of the internal standard should be chosen in the same order of magnitude of the neighboring elements.
Experimental setup
A low power X-ray tube with Au anode was used in the portable TXRF system (OXFORD Instruments Inc., Model TF3005). This X-ray tube had a 127-μm Be window and maximum operating current and voltage of 500 μA and 30 kV, respectively. It was operated at 20 kV and 150 μA (3.0 W). The distance from the Be-window X-ray tube to the center of the sample was approximately 5.0 cm.
We used a waveguide as proposed by Egorov and Egorov.
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The waveguide was formed by two lucite parallel plates, with dimensions 30 × 20 × 2.0 mm and reflective properties and reflection coefficient for X-rays near 100%. In addition, two Al spacers were placed between the lucite plates to obtain a thin X-ray beam (approximately 85 μm thickness). The distance from the exit of the waveguide to the center of the reflector was 1.5 cm. Figure 1 shows a schematic representation of the waveguide used at the exit of the X-ray tube. The X-ray fluorescence intensity was measured by a Si PIN detector (AMPTEK Inc., Model XR100CR) with 6 mm 2 active area, 25 μm Be window and energy resolution (FWHM) of 150 eV at 5.9 keV. The detector was cooled by the Peltier effect and connected to the power supply through the PX2CR module. This type of detector, due to its small size, is quite useful for compact assembly of a system for X-ray spectrometry. Associated with the source-detector system there was an electronic detection system. The electronic system consisted of a preamplifier coupled to the detector and an amplifier "PX2CR" (AMPTEK Inc.), which received pulses coming from the preamplifier. These pulses were sent to a multi-channel analyzer (AMPTEK Inc., Model MCA8000A), which was connected to a portable computer, where the signals were processed and the results were obtained from the X-ray fluorescence spectra. The detector was collimated (aluminum and circular aperture of radius r = 3.0 mm) and positioned perpendicular to the exit of the X-ray beam from the waveguide. In addition, the distance from the sample to the Be-window detector was 5.0 mm.
The TXRF portable system had a holder for fixing the reflector which was coupled to the table where the sample was positioned. This support served as sample holder and angle goniometer (angular resolution of 0.1 degrees). The goniometer allowed rotations of the sample holder from zero to 90 degrees. By varying the slope of the sample holder, the sample could be irradiated with different angles of incidence of photons from the waveguide. Figure 2 shows a schematic representation of the assembly of the portable TXRF system developed in this study.
The reflectors used as sample support (sampler carrier) were quartz (SiO2) discs with 25.4 mm diameter and 3.0 mm thickness manufactured by International Company Chaperia. This type of reflector has important characteristics for total reflection X-ray. It is one of the most widely used in TXRF and has a reflectance of approximately 99.4%. 22 
Sample preparation
A sample solution with zinc (CertiPUR Reference Material, MERCK, stock solution 1000 mg/L) was used to determine the critical angle (total-reflection condition). The sample was diluted with Milli-Q water to a final concentration of 100 mg/L. The angle of total reflection was obtained performing angular scans with a resolution of 0.05 degrees.
The sensitivity curve was obtained using a multielemental solution (Multielement atomic spectroscopy standard solution 70002-Fluka, Sigma-Aldrich). The multielemental solution had the following elements: B, Li, Al, Na, Mg, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Mo, Cd, Ag, Ba, Tl, Pb, and Bi (stock solution with concentration ranging from 10 to 100 mg/L).
The samples were prepared by removing a volume of 500 μL of the stock solution and diluted in 500 μL of ultrapure Milli Q water. Subsequently, 20 mL of vanadium (1000 mg/L stock solution) was added to the solution as internal standard. Then, the solution was shaken for homogenization and a 15 μL aliquot was pipetted on the center of the reflector quartz. The measurement time was 1000 s and the samples were prepared in replicates of six.
To validate the methodology of analysis and check the accuracy of the TXRF system, we carried out the elemental analysis of one Standard Reference Material: SRM 1577b Bovine Liver, NIST. The bovine liver sample was prepared through acid digestion. A mass of about 500 mg was dried to constant weight at 50 C for 24 h in a weighed Teflon beaker covered with a Teflon watch glass, in the stove. Then, the digestion procedure was performed with 100 mg of the sample and 1 mL HNO3 65% (SUPRAPUR ® , Merck), in Teflon ® bombs heated at about 80 C for 6 h. The solution was completed to 5.0 mL with Milli-Q water at room temperature (20 C). Then, a 1.0 mL aliquot was extracted with a micropipette, and 10 μL of V (1000 mg/L stock solution) was added as internal standard. Next, the solution was homogenized by shaking and a small 15 μL aliquot was pipetted on the sample carrier. To avoid contamination, the recipients and volumetric flasks used were washed with detergent, soaked in a 1 mol/L HNO3 solution (SUPRAPUR ® Nitric Acid 65%, Merck), rinsed with ultrapure water (Milli-Q water), filled with 10 mol/L HNO3, kept for at least one night and rinsed again. In addition, the quartz reflectors were cleaned with neutral detergent, rinsed with Milli-Q water and dried sufficiently.
The Quantitative X-Ray Analysis Software (QXAS) provided by the International Atomic Energy Agency (IAEA) was used to calculate the X-ray intensities (Bernasconi and Tajani). 38 After the deposition, all samples were left to dry very slowly under an IR lamp. All TXRF spectra were performed in the air atmosphere.
Results and Discussion
Figures 3a and 3b show the total-reflection conditions of the system using a Zn sample. The XRF spectrum was obtained under the total-reflection condition in Fig. 3a . In this condition, the glancing angle is about 0.20 ± 0.05 degrees and the baseline of the XRF spectrum is very low showing little interaction of the incident X-ray beam with the quartz reflector. In addition, the peaks of Zn (very low signal-to-background ratio) and Ar (the experiment was performed in air containing about 0.1% of Ar) appear in the XRF spectrum. On the other hand, Fig. 3b shows the XRF spectrum obtained out of the total-reflection condition. It is possible to observe a contribution of X-ray incident beam scattering on the reflector and gradually large contribution on the baseline (background). This is due to the contribution of the X-ray L lines of the Au (X-ray tube anode) and the continuous X-ray spectrum. Moreover, Si is detected because of the reflector (quartz, SiO2). The angular difference between the two total-reflection conditions was approximately 0.3 degrees. Figure 4 shows the relation between the Zn-Kα XRF intensity (normalized with respect to Si) and the glancing angle of incidence. The maximum value was around 0.20 ± 0.05 degrees. Thus, this value was the critical angle for the portable TXRF system. This result is in agreement with the theoretical prediction for the energy of the incident beam (9.71 keV, Au-Lα and quartz reflector). In the literature, Kunimura and Kawai 31 reported a similar result of angle of total-reflection using a W X-ray tube operating at 9.5 kV and 150 μA with quartz reflectors. The Si-Kα XRF intensity gradually increased with the increase of the glancing angle. This occurs because the effect of total reflection only appears when the reflector is flat and smooth. In addition, the penetration depth linearly decreases with the glancing angle even below the critical angle. Thus, from an angle of approximately 0.4 degrees the Zn/Si ratio tends to zero showing that the system is totally out of total-reflection condition. In Fig. 4 , Zn sample concentration is about 100 mg/L which, in TXRF, is considered very high. However, we used this concentration in order to facilitate obtaining the dependence of the XRF intensity and glancing of incidence curve.
To obtain the sensitivity curve of the portable TXRF system, a multielemental solution was prepared with high purity salts and nitric acid (multielement atomic spectroscopy standard solution 70002-Fluka, Sigma-Aldrich). Figure 5 shows the spectra obtained for the total-reflection condition and out of the total-reflection condition. In Fig. 5b , it was possible to detect and quantify 15 elements: K, Ca, Ba, V (internal standard), Cr, Mn, Fe, Co, Ni, Cu, Zn, Tl, Pb, Bi and Sr. In the TXRF spectrum, the contributions of K lines and L lines (Tl, Pb and Bi) were observed. In addition, in the total-reflection condition there was a very low baseline which favors the evaluation for quantitative analysis. On the other hand, in Fig. 5a only few elements were detected due to the high background in the region of the elements of interest. The Si XRF peak was very large due to X-ray incident beam interaction with the reflector. To validate the quantitative methodology, we used a certified sample diluted with an internal standard of V to evaluate the accuracy and precision of the TXRF system developed in this study. Figure 6 shows the TXRF spectrum of this bovine liver sample. In addition, Table 1 shows a comparison between the results obtained with the TXRF system developed in this study FFig. 4 The relation between the Zn-Kα XRF intensity (normalized with respect to Si) and the glancing angle. and the certified values (mean ± standard deviation for six measurements). It also shows the absolute detection limits and the relative standard deviations (RSD). The major elements detected were P, K and S with concentrations on the order of 1.0%. Furthermore, the trace elements found in the sample were Mn, Ca, Fe, Cu and Zn with elemental concentrations ranging from 10 -200 μg/g.
The accuracy and precision were evaluated through repeated measurements. The comparison of the mean values with the certified value reflects the accuracy and, on the other hand, the variability of the results (RSD) provides information on the precision.
The RSD values ranged from 10 to 21%, except for calcium whose RSD value was approximately 37%. Figure 6 shows that the determination of the Ca concentrations was impaired due to the high concentration of K (of the order of 1.0%) in the samples analyzed. The relative errors between measured and certified values were in the range of 4 to 22% with an average value of about 10% (except for Ca). The relative error for Ca was approximately 36%. The absolute detection limits ranged from 450 ng for P to 3.3 ng for Cu.
Kunimura and Kawai [31] [32] [33] were pioneers in the development of low-power portable TXRF systems. The first portable TXRF system developed by them 31 presented an estimated absolute detection limit for Cr of the order of 1.0 ng. The system has been improved and recently has achieved detection limits of about 8 pg using a small vacuum chamber. 35 The portable TXRF spectrometer that we have developed can be compared with the first version of the portable TXRF system by Kunimura and Kawai. 31 Thus, it is possible to extrapolate the detection limit shown in Table 1 to obtain the detection limit for Cr. However, the detection limit obtained for Cr was approximately 4.5 ng. This result is almost five times higher than the value obtained by Kunimura and Kawai. 31 We can find two basic factors that might be responsible for the different detection limits of the two portable TXRF systems. The waveguide used in the present study was formed by two lucite parallel plates. Lucite has total reflection optical properties lower than quartz 22 which was the material used by Kunimura and Kawai. Thus, the intensity of the beam incident on the reflector with the sample is lower when the waveguide of lucite is used. Furthermore, the distance from the Be-window detector to the center of the sample was smaller in the portable TXRF system of Kunimura and Kawai (approximately 1.0 mm). In the present study the sample-detector distance was about 5.0 mm. This higher sample-detector distance corresponds to a smaller solid angle detection, which influences the absolute detection efficiency. We believe that the waveguide of lucite and the sample-detector distance used in this study are the main factors responsible for the detection limit obtained. Besides that, the detection limit obtained in this study is at least an order of magnitude higher than the results found in the literature. Thus, the portable TXRF system described in this paper is being improved to become more competitive, with detection limits similar to those found in the literature for other portable TXRF systems. We believe that it is the first portable TXRF system operating with a low-power tube developed in Brazil.
Conclusions
The portable TXRF system developed was efficient, showing that it is possible to produce total reflection X-ray fluorescence with a low cost system using a 15 W X-ray tube, a waveguide constituted by two Perspex ® parallel plates, a Si PIN detector and a quartz optical flat. The portable TXRF system presented simplicity in assembly and a very small size. The use of the waveguide was quite useful for simplifying and facilitating the achievement of total reflection condition. The L lines of gold anode (9.71 keV) were enough to excite some important elements in the biomedical, environmental and archaeometry fields such as: P, S, K, Ca, Cr, Mn, Fe, Cu, and Zn. 
